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Durability of adhesion of epoxy coatings on concrete; causes 
of delamination and blistering
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ABSTRACT: Epoxies have already been used for impregnation and coating of concrete parts since more 
than 40 years. Nevertheless delamination and blisters sometimes occur when the coating, especially the epoxy 
base coat, is exposed to humidity and alkaline environment from the concrete. The phenomenon of blistering of 
epoxy coatings has been reported for the first time about 35 years ago: Some weeks or months after application 
usually liquid filled blisters occur within or under the coating. In recent research the mechanisms of blistering 
were mainly described as osmotic transport processes in the contact zone between concrete and base coat.
In a research project at the Institute of Building Materials Research of Aachen University, ibac, funded by 
the German Research foundation DFG it could be shown that osmotic transport processes are not involved in 
the effect of blistering. In fact interactions between the epoxy base coat and the capillary pore system of the 
concrete, depending on the composition of the epoxy and the capillarity of the concrete, lead to flaws in the base 
coat and variances of crosslinking of the epoxy. Change of pressure in the partially water filled pore system of 
the concrete depending on humidity variation then lead to blistering in the area of these flaws and destruction 
of the coating.
The first-mentioned blisters are mostly due to 
faulty manufacturing during application. Therefore, 
in the following, only the mechanisms of the delayed 
blisters are considered.
In previous research works, the osmotic transport 
phenomena between the mineral substrate and the 
single layers of the coating were considered to be the 
main cause for blistering. The detailed mechanisms 
of this blistering could, however, up to now only be 
rudimentarily described. Thus, it is presently only 
possible to securely avoid these damage patterns by 
cost-intensive additional measures, e.g. the insertion 
of so-called interface/intermediate layers under the 
polymer coating, see e.g. Stenner 2003.
1 INTRODUCTION
The damage pattern of the so-called “osmotic blister-
ing” is nearly as old as the application of concrete 
coatings itself. According to Frick 2006 this damage 
pattern is held responsible for about 3% of all coating 
damages.
Basically, two kinds of blisters can be discerned at 
epoxy coatings on concrete:
− Blisters occurring immediately during or after 
application: These are often due to air entrapped 
during manufacturing in the coating material or to 
air escaping from the substrate, see e.g. Klopfer 
1976, Lohmann 2007.
− Blisters occurring later: These blisters appear 
clearly after the application of the coating mate-
rial, i.e. a few weeks up to months, sometimes even 
years later. In most cases, these blisters are filled 
with liquid.
Figure 1 exemplarily shows these two different 
kinds of blisters. The left picture shows an opened 
blister in a PUR-coating as a result of entrapped air 
in the coating material. The right picture displays 
a cross-section of a liquid-filled blister of a crack 
bridgeable coating with delamination between base 
coat and main surface protection layer.
Figure 1. Application-related blister resulting from entra-
pped air in the coating material (left); delayed liquid-filled 
blister with delamination between base coat and main sur-
face protection layer (right).
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In practice, at the coating of concrete building 
members with polymer surface protection systems, 
there may appear the most different damage patterns 
of a delamination of single layers as well as a complete 
delamination of the entire coating along with the epoxy 
base coat. In the past, the reason for these damages 
was often assumed to be the “osmotic blistering”, in 
individual cases even at a large-scale delamination of 
the entire coating. Figure 2 shows examples of a large-
scale delamination of the main surface protection layer 
from the base coat as well as a local blistering between 
base coat and main surface protection layer.
For the first time, Klopfer reported on this blister-
ing at the epoxy-based internal coating of a swimming 
pool. This coating applied to the reinforced concrete 
showed small, liquid-filled blisters with a diameter 
of approximately 7 mm about 6 months after con-
struction in 1969. Klopfer assumed osmotic trans-
port processes between the insufficiently crosslinked 
epoxy and the water diffusing into the epoxy to be the 
reason for this blistering, Klopfer 1974. Since then, 
the delayed blistering with liquid-filled blisters is 
normally called “osmotic blistering”. The consistency 
of the semi-permeable membrane obligatory for this 
theory is the most controversially discussed and nev-
ertheless up to now only rudimentarily investigated 
aspect of the damage pattern of “osmotic blistering” 
in the respective literature.
Therefore, within the framework of a research 
project funded by the Deutsche Forschungsgemein-
schaft DFG (German Research Foundation), extensive 
investigations regarding the mechanisms of blistering 
of reactive resin coatings on concrete were conducted 
at the Institute of Building Materials Research (ibac), 
RWTH Aachen University during recent years.
As opposed to the hitherto understanding of the 
mechanisms of blistering, the investigations of this 
research work furnished basically new findings regard-
ing their causes, see e.g. Wolff 2007 and Wolff 2008:
− Osmotic transport processes are irrelevant at the 
development of the blisters because there is no 
semi-permeable membrane for the relevant sub-
stances of the blister liquids.
− An epoxy base coat applied to concrete is not 
homogeneous. Moreover, due to physical interac-
tions with the mineral substrate, separations within 
the liquid epoxy may occur which can exert a major 
influence on the adhesion to the mineral substrate.
− A chromatography effect of the investigated epoxies 
at the application on a mineral substrate could only 
be proven for benzyl alcohol in individual cases.
− The pressure within a capillary pore structure of 
the concrete which is necessary for a delamination 
of a base coat or coating clearly ranges below the 
existing pull-off strength, in particular cases by 
more than 90%.
− Local imperfections within the crosslinked epoxy 
base coat are the main source for the development 
of a blister above the base coat. Thus, these imper-
fections represent the necessary link between the 
capillary pore structure of the concrete and the 
inside of the blister.
Whereas in previous works regarding the mecha-
nisms of blistering the tensile bond strength of the 
respective coating layer was put in relation to the pres-
sure necessary for a delamination of the coating, the 
laboratory tests and FE-calculations, see e.g. Wolff 
2008, showed that the stress on the bond at the edge 
area of the blister cannot be correlated directly with 
the pull-off strength of the coating. The pressure of at 
least 1.5 N/mm² which has up to now been assumed to 
be necessary for a delamination was thus too high by 
more than a decade. The laboratory tests as well as the 
FE-calculations proved that a local adhesion failure 
can occur already at pressures of about 0.1 N/mm².
The reason for this difference is the incomparable 
stress of the coating bond by a uniaxial tensile load at 
the determination of the pull-off strength in contrast 
to a peel stress between coating and substrate at the 
development of a blister. Both these basically differ-
ent stress states at the determination of the pull-off 
strength as well as at the delamination of a coating are 
schematically presented below in figure 3 according 
to Loctite 1998. At a developing blister, the illustrated 
Figure 2. Large-scale delamination of a PUR-based main 
surface protection layer from the base coat (left); local blis-
tering between base coat and main surface protection layer 
(right).
Figure 3. Comparison of tensile load (left) and peel stress 
(right) in a bond joint according to Loctite 1998.
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peel stresses do not occur only in one direction, they 
appear, however, in an axially symmetric way as a 
result of the circular shape of the blister.
In contrast to previous findings, capillary pressures 
measured inside the capillary pore system of concrete 
of up to about 0.3 N/mm² (Günter 1997), can thus 
already lead to a local adhesion failure of a coating.
2 INFLUENCING FACTORS OF BLISTERING
2.1 General
The new findings regarding the causes of blistering, 
shortly described in the previous chapter, showed that 
this damage pattern is highly complex and influenced 
by numerous parameters. Among them count:
− The consistency of the concrete surface zone of the 
coatable building member (pore structure)
− The water content of the concrete surface zone and 
in the core of the coatable building member
− The composition of the coating materials, mainly 
of the epoxy base coat
− The kind of application of the single coating layers.
The probability of blistering is thus influenced by 
parameters on which cannot be changed on site (e.g. 
consistency of the existing concrete surface zone, 
composition of the coating materials) as well as by 
parameters which can and must very well be assessed 
by the coating company (e.g. water content in the 
concrete surface zone, kind of application of the sin-
gle coating layers, etc.).
In the following, the effects of the aforemen-
tioned parameters on the probability of blistering are 
described in detail as well as measures to decrease the 
risk of blistering are pointed out.
2.2 Consistency of the concrete surface zone
At the application of a liquid epoxy base coat on 
the mineral substrate physical interactions between 
epoxy and concrete may lead to partial separations 
and a local formation of flaws within the base coat. 
The extent of these interactions decisively depends on 
the consistency of the substrate and on the composi-
tion of the epoxy base coat.
In laboratory tests, the existence of these local 
flaws was indirectly verified by tests on the diffu-
sion of sodium, potassium as well as benzyl alcohol 
through free films and base-coated concrete slabs. 
Apart from the composition of the epoxy base coat 
the following parameters were varied:
− Composition of the concrete (capillary porosity)
− Condition of concrete before application of base 
coat (dry, wet)
− Additional sanding of the base coat.
The structures of the diffusion cells as well as the 
evaluation method are described among others in 
Wolff 2007.
Whereas the examination of free films of the respec-
tive epoxy base coats in no case showed any perme-
ability of alkalis of the concrete pore solution, at the 
examination of coated concrete slabs, depending on the 
kind and consistency of the mineral substrate as well as 
on the composition and application of the epoxy base 
coat, different diffusion rates could be measured.
The examinations comprised three different epoxy 
coatings, each with a general technical approval; the 
exact composition of each coating was known to ibac. 
The compositions of both investigated concretes as 
well as the contents of the non-reactive components 
of each epoxy base coat are compiled in the following 
two tables.
In preliminary tests, EP 1 was assessed to be 
distinctly prone to blistering; here blisters occurred 
reproducibly at different parameter combinations. 
EP 2 showed only a sporadic blistering and EP 3 was 
described as blistering resistant. Here, a blistering 
could not be observed in any case.
In the following figure, differential conductivity 
changes resulting from sodium and potassium dif-
fusion through the base coat for both concrete mix 
designs as well as the three epoxy base coats are dem-
onstrated. The bigger the differential conductivity 
Table 1. Concrete mix design.
  Notification of concrete
Parameter Unit C 20/25 C 50/60
Type of cement – CEM I  CEM I
  32,5 R 42,5 R
Na
2
O-equivalent – 0.40 0.60
Cement content kg/m³ 240  455
w/c – 0.75 0.40
f
c, 28 d
 N/mm² 25  65
Capillary porosity Vol.-% 8  3
Table 2. Fraction of the non-reactive components of the 
epoxies in relation to the total volume.
 Notification of epoxy resin  
 EP 1 EP 2 EP 3
Content of Content in M.-% 
Benzyl alcohol 12 – 5,5
Nonyl phenol  2 3 2
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change, the more distinct the formation of flaws in 
the epoxy base coat. Moreover, the value range of 
the examined damage cases is illustrated. Here, the 
epoxy base coat in the area of blisters between base 
coat and PUR-based floating layer was examined 
analogously to the test specimens manufactured in 
the laboratory.
The influence of the substrate is clearly 
discernible:
− At the application of a base coat on dry concrete 
there are higher diffusion rates than at an identical 
but water-saturated concrete.
− The rates of diffusion through the applied base coat 
decrease with increasing density of the concrete 
pore structure.
The illustrated results clearly show that the con-
tact zone concrete/base coat can be considered to be 
permeable for dissolved alkalis of the concrete pore 
solution depending on the kind and mix design of the 
concrete as well as on the kind of epoxy.
As all presented epoxy base coats possess a gen-
eral technical approval, and the application in the 
laboratory was made according to the respective 
manufacturers´ instructions, the exertion of an influ-
ence by the coating company without detailed knowl-
edge regarding the composition is hardly possible. It 
is similar with the assessment of the concrete pore 
structure. Even this factor can hardly be assessed by 
the coating company least of all influenced.
It is quite different where the water content of the 
concrete at the application of the base coat is con-
cerned. According to the technical bulletin as well as 
the guide-line SIB /1/, at the application of the base 
coat, the concrete must be dry at least in the near-
surface area. Through this, the possibility of flaw 
development and thus of blistering is significantly 
increased.
Similar results were also yielded by Stenner et al 
(Stenner 2003). Even in their tests, concrete coated 
in the surface dry state showed a high inclination to 
blistering whereas concrete coated in the wet state 
featured practically no blistering.
Vice versa, however, the application of a base coat 
on a water-saturated concrete may lead to a dispro-
portionately high probability of damage depending 
on the epoxy base coat. Therefore, despite the afore-
mentioned results, the epoxy base coat should be 
further applied to a concrete which has dried in the 
surface zone.
Thus, the application of an epoxy base coat on a 
wet concrete may lead to a large-scale delamination 
of the entire base coat and coating, respectively. This 
damage pattern is commonly explained with a poor 
wet adhesion of the epoxy base coat. The following 
picture shows a detail of a large-scale delamination of 
a crack-bridging coating along with the base coat on 
a parking deck.
One of the reasons for this poor wet adhesion may 
be a partial separation of single components of the 
epoxy base coat at the application on the concrete. 
The influences of the epoxy base coat as well as of 
the mineral substrate on a possible separation were 
thoroughly investigated at ibac. Detailed results of 
these investigations will be published among others 
in Wolff 2008. Above all, at epoxy base coats with 
a high content of benzyl alcohol this separation can 
increasingly occur.
The following Figure 6 exemplarily shows a result 
of the confocal Raman spectroscopy on EP 1, applied 
on a water-saturated concrete C 20/25. The confo-
cal Raman spectroscopy enables a three-dimensional 
examination of the polymer structure of translucent 
polymers as e.g. of an epoxy base coat. Apart from 
an imaging, this method allows for a qualitative as 
well as, at a respective calibration, also a quantitative 
Figure 5. Detail of a large-scale delamination of the entire 
coating along with the base coat on a parking deck.
Figure 4. Differential conductivity changes depending on 
the substrate consistency as well as on the composition of 
the epoxy base coat.
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there was a significant accumulation of benzyl alco-
hol in the contact zone with the concrete as compared 
to the bulk phase.
A separation of single components of an epoxy 
base coat applied to concrete may, as shown for benzyl 
alcohol in the present case, lead to a weakening of the 
bond to the mineral substrate as well as to a decreased 
adhesion of the following coating layers. As this sepa-
ration, depending on the EP formulation, may occur at 
the application of the base coat on a dry as well as on 
a practically water-saturated concrete, this effect can 
hardly be controlled by the applying worker.
2.3 Preparation of the concrete substrate
Whereas in Figure 4 only a concrete which was not 
sandblasted was examined, in the following, the influ-
ence of a substrate preparation before the application 
of the base coat is considered. The substrate prepara-
tion in the laboratory was always made by blasting 
with solid shot. In the following picture, the differen-
tial conductivity changes for concrete C 20/25 deter-
mined analogously to Figure 4 are illustrated.
In all cases, a substrate preparation leads to a signif-
icant reduction of flaws within the base coat. In single 
cases, the diffusion rates could be reduced to zero.
2.4 Influence of sanding on the base coat
It is the aim of sanding to improve the adhesion 
between base coat and the following coating layers by 
increasing the real surface of the base coat. This way, 
apart from a chemical bond between the epoxy base 
coat and the following coating layer, also a mechani-
cal adhesion by means of clawing is possible.
To examine the effect of sanding, the fresh base 
coat applied to the concrete was sanded with quartz 
sand. Upon hardening of the base coat, loose sand 
was removed. Figure 8 demonstrates the influence of 
the sanding on the flaw formation in the base coat 
by means of the determined differential conductivity 
changes.
It is noticeable that the sanding, depending on the 
substrate, seems to have a positive or a negative effect 
on the diffusion rates. A decrease of the diffusion 
rates was measured at all three investigated epoxies 
on C 20/25 with an additional sanding. At C 50/60 
this trend is reversed, the diffusion rates increase 
with an additional sanding. Presumably, the different 
amount of existing flaws in the base coat on C 20/25 
and C 50/60 before the application of the sanding 
grains leads to these opposed tendencies:
Based on a comparatively high diffusion rate 
due to numerous flaws in the base coat of an epoxy 
applied to C 20/25, an additional sanding obviously 
leads to a certain sealing of these flaws. Here, it must 
be assumed that flaws existing in the still liquid epoxy 
Figure 7. Differential conductivity change depending on the 
water content of the concrete, the substrate preparation as 
well as the composition of the epoxy base coat.
Figure 6. Confocal Raman spectroscopy of an EP base 
coat EP 1 applied to a wet concrete C 20/25.
analysis of the chemical composition of the polymer. 
Further information regarding the functioning of a 
confocal Raman microscope can be found among 
others in Wolff 2008 or Bornemann 2005.
Whereas in the points called depth 2 to 4 there 
is the undisturbed bulk phase of the epoxy which 
showed a composition practically identical to that of 
the free film, in the surrounding area of point depth 1 
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are covered and sealed by the increase of the layer 
thickness of the base coat as a result of the quartz 
sanding grains, see also Figure 9.
The starting point is different at the sanding of an 
epoxy base coat on the comparatively dense C 50/60. 
So at first, there are only very few flaws in the epoxy 
of the unsanded base coat. From the additional sand-
ing, however, new flaws in the epoxy base coat arise 
because single quartz grains penetrate the base coat 
and may thus lead to a local perforation. At the con-
sideration of coating damages in the form of blisters, 
Rheinwald arrived at a similar conclusion. He also 
acts on the assumption of a possible perforation of 
the epoxy base coat by sanding, Rheinwald 2007.
The influence of a maximum grain size adjusted 
to the application amount on the resulting layer thick-
ness is illustrated in Figure 9. The application amount 
of the EP-binder was identical in both cases.
The pictures show impressively that the layer 
thickness of the base coat is more than tripled by the 
sanding in the present case. Flaws existing in the base 
coat before the application of the sanding are obvi-
ously efficiently covered by this effect.
Practice, however, shows that a sanding under site 
conditions may also have a negative influence on the 
adhesion between base coat and main surface protec-
tion layer. So an insufficient sanding as well as the 
use of an grain size not adjusted to the layer thickness 
of the base coat can exert such a negative influence on 
the adhesion that a local blistering as well as a large-
scale delamination of the floating layer are promoted. 
Moreover, excessive sand must be carefully removed 
before the application of further coating layers.
For example, the large-scale delamination of the 
main surface protection layer depicted in Figure 2, 
left, was primarily caused by an insufficient and 
irregular sanding.
Figure 10 illustrates further examples of an insuf-
ficient sanding. In both cases, the occurred, mostly 
blister-shaped delaminations were in a first view 
summed up under the damage pattern of “osmotic” 
blistering. A more detailed examination of the contact 
zone analogous to the results illustrated in Figure 4 at 
first in all cases showed a diffusion of alkalis through 
the base coat as indication of the flaws existing in the 
epoxy, so that osmotic transport processes could be 
eliminated early as cause of the damage.
Figure 10, left, depicts the reverse side of a dela-
minated PUR floating layer. Due to the few, irregular 
marks of the sanding it becomes obvious that only an 
insufficient amount of sanding grains was applied. 
Figure 10, right, shows quartz grains lying loosely on 
the base coat in the area of an opened blister. Here, 
the applied base coat fell short of the required amount 
and, beyond that, was sanded with a grain size not 
adjusted to the application amount of the EP-binder.
2.5 Influence of the unwanted side reactions 
of the PUR floating layer
In damage cases, when assessing a delamination 
between base coat and PUR floating layer, often a 
foam structure was detected on the side of the PUR 
floating layer which was facing the base coat. An 
example for this foam structure is illustrated in the 
following picture.
Figure 9. Layer thickness of a base coat without sand-
ing (left) and with sanding (right), each with an identical 
amount of used binder.
Figure 10. Insufficient sanding (left, view of the reverse 
side of the delaminated PUR floating layer) and a sand-
ing grain size not adjusted to the amount of the applied EP 
binder (right).
Figure 8. Differential conductivity change depending on 
the mix design of the concrete, the composition of the epoxy 
base coat as well as the sanding.
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This foam structure is caused by a side reaction of 
the isocyanate component of the PUR coating with 
water, for instance, when at the application of the 
floating layer the temperature of the substrate falls 
below the dew point. Here, the isocyanate component 
of the PUR coating reacts with the humidity via a 
polycondensation to a urea compound under separa-
tion of carbon dioxide.
The foam structure caused by the reaction of the 
isocyanate component with humidity leads to a weak-
ening of the bond between base coat and main surface 
protection layer, so that already low capillary pres-
sures from the substrate or even a mechanical load 
induced by traffic may lead to a local up to large-scale 
delamination of the floating layer.
This damage pattern can be eliminated by a careful 
recording of the air temperature, humidity as well as 
the temperature of the building member and the keep-
ing of the distance between building member temper-
ature and dew point temperature of at least 3 K.
3 SUMMARY
In the presented paper different typical damage pat-
terns occurring at trafficable coating systems were 
specified. The focus was directed on damage patterns 
whose cause was often described with the so-called 
“osmotic” blistering in the past.
Results of a research project conducted at ibac 
impressively pointed out that osmotic transport proc-
esses at the development of liquid-filled blisters 
within the polymer coating as well as of large-scale 
delaminations of single coating layers are not rel-
evant. So the main explanation of osmosis as cause of 
the damage was assumed to be a pressure as high as 
the respective pull-off strength of the coating neces-
sary for its delamination. Laboratory tests as well as 
FE-simulations of the bond between coating and con-
crete, however, indicated that a local delamination of 
the coating may already occur at significantly lower 
maximum pressures of about 10% of the respective 
pull-off strength.
To avoid a blistering by a careful application of the 
coating is only possible to a limited extent. Moreover, 
a modification of the existing epoxy formulations is 
necessary to eliminate the development of local flaws 
or large-scale separations at the application of the 
base coat on the concrete.
The development of suitable test methods is 
planned to targetedly examine the “susceptibility to 
blistering” of epoxy base coats in the laboratory.
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